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Abstract – Activation of various structural and shielding
materials is an important issue for many applications. A
model developed recently to calculate residual activity of arbi-
trary composite materials for arbitrary irradiation and cool-
ing times is presented in the paper. Measurements have been
performed at the Fermi National Accelerator Laboratory to
study induced radioactivation of different beam line compo-
nents and shielding materials. The calculated residual dose
rates for the samples studied are presented and compared with
the measured ones.

I. INTRODUCTION

An important issue regarding the radiation environment in
the NuMI complex of the MINOS neutrino experiment, cur-
rently under construction at Fermi National Accelerator Lab-
oratory1, is induced radioactivation of the beam line compo-
nents and shielding materials. This arises from irradiation by
hadrons that are generated in the target bombarded by a 120
GeV proton beam. The MARS Monte Carlo code2 is used
to predict and analyse prompt and residual radiation in such
an environment. New modules have been developed for the
MARS14 version for reliable estimation of residual dose rates
in arbitrary composite materials for arbitrary irradiation and
cooling times. The algorithm distinguishes three major en-
ergy groups responsible for radionuclide production: above
20 MeV, 1 to 20 MeV and a thermal neutron group (under
0.5 eV). To understand the properties of the residual radia-
tion and benchmark the newly developed code modules, mea-
surements were performed both in the vault area and at a lo-
cation just outside the steel shielding at the antiproton (AP0)
target area, which is thought to be a realistic representation
of the NuMI target area. All the details of the AP0 enclosure
(in-vault and the outer shielding) and the appropriate beam
line components were built in the MARS calculation model
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and detailed simulations were performed. Calculated resid-
ual dose rates and neutron spectra are compared with the data
showing good agreement.

II. EXPERIMENTAL SETUP

A MARS model of the experimental setup is shown in
Fig. 1. Residual activation exposure rates were measured for
five small cylindrical and rectangular samples of iron, steel,
aluminum, and concrete, which were obtained from materials
that will be used in the NuMI construction. Composition of
the samples is described in Table I. The samples were placed
both within the vault area (just down stream of the antipro-
ton production target) and at a location just outside of the steel
shielding at AP0. Further, thin activation foils of Au, Au+Cd,
In, and Al were mounted on a disk and placed at both lo-
cations. The neutron spectra were unfolded from measured
foil activities by use of response functions determined from
known cross section data with the unfolding codes BUNKI
and LOUHI3 . The samples within the vault were irradiated for
a total of 38 hours by the radiation arising from the bombard-
ment of the target by about 1.3×1017 120 GeV protons from
the Main Injector, and then removed to a low background area
for counting; those outside of the shielded vault area were ir-
radiated on and off for about four months with a total of ap-
proximately 3.6×1018 protons incident on the in-vault target.
Background corrected exposure rates of the samples were de-
termined by use of both GM and NaI scintillator based survey
instruments.

III. CALCULATIONAL MODEL

III.A. Model for residual dose rate estimation

The model developed for residual dose rate calculation in-
troduces a relationship between density of inelastic nuclear in-
teractions (or, in other words, stars) and the residual dose rate.
Quantitatively the relationship is expressed by means of the
so-called ω-factors which depend on type and duration of the



Z

X

−100

0

100

200

300

400400

cm

0 55 110 165 220220
cm

foils

test stand

samples

collection lens

production
target

proton
beam

pulsed magnet

steel shielding

concrete

air

samples foil

Fig. 1. Elevation view of the experimental area as modeled in MARS.

TABLE I. Composition of the samples investigated (weight %)

Sample Nuclide (or natural mixture)
(label) 1H 12C 16O 23Na Mg 27Al Si S K Ca 55Mn Fe Ni Cu

1 (Aluminum) 100
2 (Iron) 0.1 0.1 0.4 98.2 1.0 0.2
3 (1018 Steel) 0.2 0.9 98.9
4 (Concretea) 0.8 7.3 51.76 0.07 6.5 0.5 10.1 0.2 0.07 21.1 1.6
5 (A500 Steel) 0.3 99.5 0.2
aPrecise composition of the concrete sample is not presently known. This Table shows the reference composition used.

irradiation as well as on subsequent cooling. Detailed descrip-
tion of the model will be given elsewhere. As an example, nu-
merical values of the ω-factors for neutron irradiation at typi-
cal conditions (30 days irradiation and 1 day cooling) are pre-
sented in Fig. 2.

III.B. Coupling MARS with MCNP

In the current MARS version2 the MCNP4C code4 is in-
voked whenever a low-energy (under 14.5 MeV) neutron col-
lision with matter is simulated. However, when considering
problems with dominating low-energy neutron radiation, the
full-scale MCNP modeling of neutron transport in matter is
preferable for the followingreasons: (i) different built-invari-
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Fig. 2. The ω-factors for different neutron energies vs mass of
a target nucleus.

ance reduction techniques can be used; (ii) neutron flux func-
tionals characteristic of the low-energy region that take into
account the detailed energy dependence of neutron cross sec-
tions are readily available. That is why another option for
MARS-to-MCNP coupling was developed recently (such an
option is used for coupling high- and low-energy parts in other
codes as well5). Namely, when modeling neutron transport
with the MARS code, instead of low-energy neutron track-
ing, one can generate a file containing all the necessary phase-
space coordinates for all the neutrons slowed-down to ener-
gies under 14.5 MeV. The file can be used as a neutron source
for subsequent standalone MCNP modeling.

It will be shown in the followingsections that in the in-vault
region at the location of the thin foils the calculated neutron
spectrum has a low-energy part (under 10 MeV) that amounts
to 90%. As for above the vault shielding, the calculated neu-
tron spectra do not contain neutrons with energies above 10
MeV within the simulation statistics. This is a posteriori jus-
tification of the importance of the option for low-energy neu-
tron transport used in the calculations described.

III.C. Dose rate attenuation factors

Measurement of the residual dose rate for a sample can be
performed both on contact and at a distance. To have a sim-
ple and easy-to-use relationship when comparing measured or
calculated contact dose rate with that at a distance (typically at
30.5 cm), calculations with the MCNP code4 have been per-
formed. Two types of samples were taken into consideration;
namely, cylinders and parallelepipeds of the same radii (1.27
cm) and thicknesses (2.54 cm), respectively, but with other di-
mensions being different. Several material compositions were
used in the study. Residual activity of the samples was simu-
lated by means of gammas born with isotropic angular distri-
bution and spatially uniform over a sample volume. Monoen-

ergetic 1-MeV gammas were considered; this adequately rep-
resents the average energy of gammas emitted from different
irradiated concrete or steel samples.

Both contact and remote dose rates were determined as
average values over surface segments with linear dimension
equal to one inch. One of the segments was located on a sur-
face of a sample under consideration, the second one at dif-
ferent distances from the sample. The ANSI/ANS-6.1.1-1977
table4 was used to convert the calculated photon fluxes over
the segments to dose rates. The dose rate attenuation factor
for a definite distance from a sample surface was determined
as the ratio of the calculated dose rates for the two segments at
that distance. The calculated factors were fitted by means of
a dα function using χ2 criterion, where d is the distance from
the surface of the sample under consideration, and α is the fit-
ted parameter. Typical behaviour of the attenuation factors is
presented in Fig. 3.

IV. RESULTS AND DISCUSSION

IV.A. Residual dose rates

Comparison between measured and calculated residual
dose rates for the samples near beam and above the steel
shielding is presented in Figs. 4 through 6. In general, good
agreement is observed for the near-beam irradiations (Fig. 4);
the agreement is good in shape and within factors of 2-5 in
magnitude. The residual dose rates were calculated taking into
account realistic non-continuous in time irradiation (three ses-
sions, 16.2, 10.5, and 11 hours long, separated by different
beam-off periods) as well as measured integrated proton inten-
sities on the target. For above shielding irradiations (Fig. 5),
approximately 16 hours of beam-on was followed by 26 hours
of beam-off on the average during the irradiation period of
four months. That non-continuous irradiation was taken into
account in our calculations as well. One can see that the agree-
ment is good for cooling times greater than one day. The
discrepancy for shorter times is probably due to inadequate
description in our model of short-lived radionuclides which
would be observed. In this case, following the last beam-on
period, counting was started within two hours so that signifi-
cant short-lived radionuclide activities would be observed.

Significant discrepancy observed for concrete samples
(Fig. 6) requires additional investigation. According to our
model, the calculated residual dose rate for the samples is very
sensitive to the composition of the concrete. As an example,
calculated residual dose rates above the steel shielding for dif-
ferent concrete sample compositions available are shown in
Table II. As observed, small differences in composition can
lead to significant differences in calculated dose rates (up to
factors of about 50). We attribute this effect mainly to minor
admixtures in the region of Na (see Figs. 2 and 7). Since we
do not know exactly the composition of the concrete samples
(with regard to minor admixtures) used in these studies, the
discrepancy between calculations and measurements may not
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Fig. 3. Calculated surface dose rate attenuation factors for different samples.
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Fig. 4. Measured (FREDRON) and calculated (MARS) residual dose rate at d = 30.5cm for the samples irradiated for 38 hours
near beam vs cooling time.
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Fig. 5. Measured (FREDRON) and calculated (MARS) residual dose rate on contact for the samples irradiated for four months
over the shielding vs cooling time.

be unexpected.

IV.B. Neutron spectra

Calculated neutron spectra near beam and above the shield-
ing as well as unfolded spectra near beam based on measured
foil activities are presented in Fig. 7. Location of the foils
is shown in Fig. 1. One can see that even for the foils near-
beam the low-energy part of the neutron spectrum dominates.
Above the vault shielding the spectrum, within the simula-
tion statistics, does not reveal neutrons with energies above
10 MeV. In addition, one can see that in this location neutrons
backscattered from the concrete walls and ceiling dominate.
This backscattered component is especially important for the
two lower energy groups (under 0.5 eV and from 1 up to 20

MeV) responsible for formation of induced radioactivity ac-
cording to our model. It means that for the location above the
shielding one could not predict residual dose rates correctly
without taking into account neutron backscattering from the
concrete surroundings.

The neutron spectrum within the vault was unfolded from
measured radioactivity of Au and In foils. The response func-
tions used in the unfolding codes BUNKI and LOUHI3 were
determined at eight rather broad energy bins in order to cover
the neutron energy range up to 70 MeV. Therefore, at ener-
gies below 0.1 MeV, the unfolded spectrum represents a broad
average, and this gives little quantitative information in com-
parison with the more detailed spectrum calculated with the
MARS code. At energies above 0.1 MeV, however, accept-
able agreement between calculations and measurements is ob-
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Fig. 6. Measured (FREDRON) and calculated (MARS) residual dose rate for the concrete samples irradiated for 38 hours near
beam (left) and four months over the shielding (right) vs cooling time. The dose rates were measured at d = 30.5cm and on
contact, respectively.

TABLE II. Calculated residual dose rates (0.01 mSv/hr) for different compositions (weight %) of the concrete sample above the
shielding. The data were obtained for 30 days irradiation at 1012 protons per second and 1 day cooling.

Concrete Nuclide (or natural mixture) Dose
composition 1H 12C 16O 23Na Mg 27Al Si S K Ca Fe rate

1 0.6 49.8 1.7 0.3 4.6 31.5 1.9 8.3 1.3 1.7
2 0.6 3.0 50.0 1.0 3.0 20.0 1.0 20.0 1.4 1.0
3 0.8 7.3 51.76 0.07 6.5 0.5 10.1 0.2 0.07 21.1 1.6 0.09
4 0.5 6.4 49.6 1.0 1.5 14.3 0.2 26.1 0.4 0.03
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(right).



served, as seen in Fig. 7.

V. CONCLUDING REMARKS

The model was developed for calculation of residual dose
rates in arbitrary composite materials for arbitrary irradiation
and cooling times. Measurements have been performed at
Fermi National Accelerator Laboratory on induced radioacti-
vation of beam line components and shielding materials. Rea-
sonable agreement is observed between measured and calcu-
lated dose rates for different samples irradiated at different
conditions. At the same time significant disagreement is ob-
served for concrete samples which reveal high sensitivity of
calculated residual dose rate to content of minor admixtures
in concrete. The disagreement is a subject of our further in-
vestigations.
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